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ABSTRACT 
 The field of organic photovoltaics has been growing rapidly for more than a 
decade. With the low materials and processing costs, high materials usage and scalability, 
and flexible applications, the plastic solar cell is on the cusp of economic feasibility. To 
make this type of cell more attractive, the module efficiency and lifetime must be 
improved by a significant margin. In this work, the essential materials of an organic solar 
cell are explored by physical experimentation. Through systematic parameter studies, the 
photoactive layer of the cell is optimized for thickness and annealing conditions while the 
hole and electron transport layers are optimized for ease of deposition and contribution to 
overall cell performance. More advanced techniques for characterization are discussed, 
including an introduction to electrochemical impedance spectroscopy and a 
demonstration of how the quantum efficiencies of a cell can be measured. All 
experiments and discussion are conducted with the ultimate goal of increasing the 
efficiency of the organic solar cell. The most efficient cells produced in this work fall in 
the 3.1 - 3.3 % range, with Jsc of 10 - 11 mA/cm2 and Voc of 540 mV. These air-stable 
cells used an inverted architecture consisting of an ITO/TiOx/P3HT:PCBM/MoO3/Ag 
stack.  
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CHAPTER 1.  INTRODUCTION 
 
1.1  Motivations for Pursuit of Organic Photovoltaic Devices 
 In recent years, the price of fuel has been sharply increasing in the United States 
and most of the world. Global large-volume oil discoveries have been on the decline for 
the past 30 years, yet the rapid industrialization of countries in Asia continues to boost oil 
demand. The supply of non-renewable resources in general, based on proven reserves and 
estimates, will only last about another 100 years at today's consumption rates [1].This 
rapid depletion of resources is not sustainable to the growing population of the earth.  
 In addition to being non-sustainable, traditional fossil fuels are responsible for 
causing a build-up of CO2 in the atmosphere. In 1960, the global mean concentration of 
CO2 in the atmosphere was approximately 320 ppm. Today, the concentration has risen 
to almost 390 ppm, an increase well beyond yearly fluctuations [2]. The rate of CO2 
building up in the atmosphere is also generally increasing as more countries begin 
industrializing. This can have major implications on atmospheric and oceanic 
environments. Since CO2 absorbs and emits at long infrared wavelengths, it becomes a 
problem of heat radiation. Short wavelength light from the sun passes through the 
atmosphere and is absorbed and re-emitted from the earth at longer wavelengths. These 
long wavelength photons become trapped by the CO2 in the atmosphere, effectively 
containing the heat. Direct correlations are shown between the atmospheric CO2 
concentration rise and the global mean temperature rise. It is shown that the global mean 
surface temperature has been rising by about 0.13 °C per decade over the past 50 years, a 
trend that far exceeds any past recorded warming event in its severity or persistence [3].  
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 The major challenge of industry and academia today is thus one of finding an 
appropriate means of meeting global energy demands in a manner that is sustainable and 
environmentally benign. Solar energy has the potential to fully satisfy this demand. 
Energy from the sun that is absorbed by the atmosphere, water, and land mass of the earth 
totals approximately 3.8 million exajoules per year. Since the total global energy demand 
is on the order of 500 exajoules yearly, the earth could be fully powered for a year by one 
hour of incident sunlight [4]. Photovoltaic devices which can capture some of this energy 
could be key in offsetting the use of fossil fuels towards the development of a carbon-
neutral society.  
 Traditional photovoltaic devices are those which employ doped crystalline silicon 
to form the p-n junction. Due to the processing expense of monocrystalline devices, 
silicon in other forms as well as a host of other materials were developed as 
photovoltaics. The late 1990's and early 2000's saw the introduction of the organic 
photovoltaic (OPV) cell. Semiconducting polymers were a fairly recent development at 
that point. Since these polymers are highly tunable and absorb light at useful solar 
wavelengths, their incorporation into solar cells was a natural progression. Researchers 
are hopeful that the relatively low material and processing cost of OPV cells can create 
an economically feasible solution to the problem of expensive solar energy. Despite 
current organic cells suffering from low efficiencies and short module lifetimes, the field 
is quite young and there is much potential for improvement. There are already capital 
ventures forming to mass-produce OPV cells, such as Plextronics, Konarka, and Solarmer 
Energy. Module efficiencies for products of each of these U.S.-based companies lie in the 
3-5% range, and demonstrate a product lifetime of three to four years [5]. 
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1.2  Organic Photovoltaic Device Operational Principles 
 The structure of the organic photovoltaic device is given in Figure I. 
 
Figure I. Structure of the inverted bulk heterojunction OPV. Inset shows the disordered 
structure of the polymer:fullerene junction in the photoactive layer. 
 
 The process of extracting solar energy begins at the incident photon. Light travels 
through the glass, ITO, and electron transport layer, reaching the polymer:fullerene 
blend. The photon is absorbed by either the polymer or the fullerene and generates an 
exciton. The exciton must diffuse to an interface in the photoactive layer before it 
recombines in order for the charges to be separated. Once separated, the charges must be 
transported to their respective electrodes. From the photoactive layer, electrons are 
conducted through the electron transport layer and to the ITO electrode for charge 
collection. Holes flow in the reverse direction, through the hole transport layer and to the 
metal top electrode.  
 It is becoming more common for OPV cells to be constructed in a so-called 
"inverted" structure. This differs from a conventional structure in that a conventional 
structure would reverse the positions of the hole and electron transport layers. In addition 
to this, the metal electrode used in a conventional OPV would have a low work function, 
such as aluminum. The disadvantage of the conventional structure is that the low work 
function metal quickly oxidizes under normal atmosphere. The inverted structure is 
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demonstrated to be more air-stable, although slightly less efficient than a conventional 
cell [6]. 
 A feature of the OPV cell, included in Figure I, is the bulk heterojunction 
constructed by intimate mixing of polymer and fullerene domains. Due to the small 
diffusion lengths of excitons (tightly bound electron-hole pairs) in the organic media, a 
planar junction would require photoactive layers of around 10-20 nm in thickness, which 
would absorb almost no light. The bulk heterojunction solves this problem by moving the 
interface to the generated exciton, allowing a cell to have both a thick photoactive layer 
and efficient charge separation. This requires optimal polymer and fullerene domain sizes 
which provide both large interfacial area and long conduction pathways. 
  For electron injection from the polymer into the fullerene, the band energies must 
be positioned favorably. The lowest occupied molecular orbital (LUMO) energy of the 
polymer must be higher in energy than the LUMO of the fullerene, which in turn must be 
at a higher energy than the conduction band of the electron transport layer. For hole 
transport across material interfaces, the valence band or highest occupied molecular 
orbital (HOMO) of the hole-donating medium must be at a lower energy than the hole-
receiving medium. A band diagram for a typical inverted OPV is shown in Figure II.  
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Figure II. Band diagram of typical inverted OPV [7]. 
 
 Although the valence band of the MoO3 is at a slightly lower energy than the 
P3HT, it is expected that hole injection into the MoO3 will not be seriously hampered 
under illuminated conditions.  
1.3  Current State and Recent Developments in Organic Photovoltaics 
 The most frequently-studied polymer:fullerene blend today is the poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl C61 butyric acid methyl ester (PCBM). The 
combination of relatively good absorption spectra and charge mobilities for these two 
materials make them candidates for efficient OPV cells. Over the past decades, more than 
1,000 research papers have been published concerning this pair of materials [8]. 
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Figure III. Recent Research Publications on P3HT:PCBM cells. A majority of authors 
report power conversion efficiencies in the 2-4% range [8]. 
 
 
Figure IV. Structures of P3HT and PCBM (left) and Absorption spectra of P3HT, PCBM, 
and P3HT:PCBM films [9] (right) . 
 
 In addition to P3HT, other polymers are also popular among the research 
community. Poly (p-phenylene vinylene) (PPV) derivatives are a common choice, as well 
as other polythiophene derivatives. P3HT is used more often due to its higher hole 
mobility.  
 The Yang group at UCLA is working with the ligand groups of the conjugated 
polymer absorber [10]. By altering the structure of the absorber molecule, the absorption 
spectrum of the photoactive layer can be shifted and enhanced. In addition to optical and 
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electrical property tuning, the physical properties of the polymer can be manipulated. For 
ease of solution processing, the solubility parameters of the organic solute can be tuned. 
 OPV cells are being constructed in tandem arrays to try to maximize the amount 
of absorbed light. Even with the relatively thick photoactive layer possible with the 
heterojunction structure, a typical OPV transmits too much light for high efficiencies. 
The Bruder group of Peru's National University of Engineering is working on loading a 
more photosensitive dye into the active layers of a tandem OPV to maximize the amount 
of light absorbed [11]. The researchers are experimenting with dyes that absorb strongly 
in parts of the solar spectrum that P3HT is only weakly absorbing, hoping to harness 
more of the available light. 
 Different annealing techniques are being characterized based on the level of 
crystallinity in the resultant photoactive layers. As crystallinity increases, so does the ease 
of charge transfer through the polymer film. Since organics have traditionally been 
plagued with very low charge mobility, an increase in this area would strongly boost cell 
efficiencies. The Nelson group from the physics and chemistry departments of the 
Imperial College of London has been closely studying the effects of thermal annealing 
[12]. Solvent annealing is also being examined as a cheap and non energy-intensive way 
to grow larger crystallite sizes in a polymer film. The Kawano group from the Center for 
Organic Photonics and Electronics Research of Kyushu University are currently studying 
the effects of slow-drying solvents on the crystallinity of the resultant polymer films [13]. 
 Another route to a more stable OPV is to restrict the movement of the polymer 
chains inside the film, which leads to smaller stresses on the rest of the cell. This can be 
achieved by introducing a photosensitive polymer with a higher than usual glass 
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transition temperature. Under normal operation in full sunlight, a cell can experience a 
substantial temperature increase, which may cause a partially crystalline polymer film to 
become slightly rubbery. The continuous day and night cycles on the cell will cause 
expansion and contraction stresses which leads to early cell failure. In addition to this, 
continued exposure to heat will eventually cause the fullerene domains in the polymer 
layer to aggregate together, thus reducing the cell's ability to separate charges. The 
Bertho group of the Institute for Materials Research of Hasselt University in Belgium 
recently experimented with a high Tg PPV derivative polymer in an OPV cell and found 
that the performance was quite stable with respect to average operational temperatures 
[14]. 
 Much progress has been made on improving the efficiency and robustness of the 
OPV over the past ten to fifteen years. Despite being in its early stages of development, 
OPV technology is currently being commercialized as a competitive product to 
traditional solar cells. In 2001, Nobel laureate Alan Heeger co-founded Konarka 
Technologies, Inc. This company produces OPV cells through scaled-up roll to roll 
printing processes. Although the modules have a short lifetime of only a few years, they 
are above 4% efficient. With more work, the efficiency and stability of these cells can be 
further increased. 
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CHAPTER 2.  LAYER DEPOSITION AND CHARACTERIZATION 
TECHNIQUES 
 
2.1 Deposition of Electron Transport Layer 
 Typical organic photovoltaics require an electron transport layer (ETL) placed 
adjacent to the cathode in order to prevent reverse current from flowing. The energy band 
of the ETL must be tuned such that electron injection from the fullerene LUMO into the 
ETL conduction band is energetically favorable. Ideally, this difference in energy would 
be large enough to provide a strong driving force for electron transfer without losing too 
much energy to thermal emission. A difference in energy between the fullerene LUMO 
and ETL conduction band of 0.1 through 0.4 eV is adequate. Since the true purpose of the 
ETL is to prevent hole diffusion to the cathode, the valence band of the ETL must be well 
below the HOMO of the polymer. An energy difference of greater than 0.5 eV will 
ensure that holes in the polymer HOMO will not be injected into the ETL for 
recombination in the cathode of the cell. Figure II shows the energy band alignment in a 
typical organic photovoltaic. 
 The ETL is normally a very thin (~20 nm) metal oxide layer. Popular among 
research groups are crystalline films of zinc oxide (ZnO) and titanium oxide (TiO2). 
Achieving crystallinity often requires a high-temperature annealing procedure, which 
could be costly and detrimental to other areas of the cell. Thus, many groups have begun 
using amorphous titanium oxide (TiOx) since it needs only a low temperature annealing 
process. The deposition of these thin films are carried out mostly by a sol-gel process in 
which the metal oxide precursor is suspended or dissolved in an organic liquid, then 
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applied to a substrate. Through various processes, excess solution is removed from the 
substrate. As the organic medium evaporates, the precursor forms a network which 
behaves as a gel before finally solidifying. Sol-gel processes are normally cheap, easy to 
control, and are capable of uniformly depositing very thin films. 
 2.1.1 Preparation of ZnO Thin Film Substrate 
 ZnO precursor solution is prepared according to the following recipe: 
• 17.2 g of zinc acetate (Aldrich, 99%) is added to a 250 ml volumetric flask. 
• 5.66 ml of ethanolamine (J.T. Baker, 99.6%) is added to volumetric flask. 
• Volumetric flask is filled to the line with anhydrous ethanol. 
• Solution is stirred and heated at 60 °C for approximately 4 hours. 
 The precursor solution is then poured into a 200 ml beaker, covered with parafin 
wax, and placed underneath the dip coater chuck. Two clean and dry samples are 
mounted in the chuck, conductive sides facing outward. The cover on the beaker is 
removed and the door to the enclosure is shut. Clean, dry air is used to purge the dip 
coater enclosure until humidity readings indicate a relative humidity inside the enclosure 
of less than 15%.  
 The dip coater is controlled by the corresponding LabVIEW software. The chuck 
holding the panels is lowered into the precursor solution and withdrawn at a rate of 200 
mm/min. After allowing ~30 s for the film to stabilize, the samples are removed from the 
chuck and quickly placed into a nitrogen glove box for thermal annealing. The samples 
are annealed at 400 °C for 20 min. while humidified nitrogen is flowing through the 
glove box. The relative humidity of the nitrogen should be 32-35% at room temperature. 
The resulting ZnO films are approximately 30 nm thick and highly crystalline. 
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 2.1.2 Preparation of TiOx Thin Film Substrate 
The precursor solution for preparation of TiOx films is prepared through the following 
method. In a very low humidity environment (less than approximately 2% relative 
humidity), 78.6 mg of titanium isopropoxide (TTIP, Sigma-Aldrich, ≥99.5%) is extracted 
and diluted into 7.785 g of isopropanol (Sigma-Aldrich, ≥99.8%). It is important that the 
humidity is low, as residual water vapor in the atmosphere will cause hydrolysis of the 
TTIP. Thus, this step is normally carried out in a nitrogen glove box. The solution is 
capped and lightly shaken until well-mixed. Clean and dry ITO-coated glass substrates 
are loaded onto the vacuum chuck of the spin coater. A vacuum is then applied to seal the 
substrate to the chuck.  
 TTIP precursor solution is drawn into a plastic syringe with a 20-gauge needle 
affixed to the tip. Dropwise, the solution is expelled onto the substrate, each drop 
contacting and spreading across the surface. The number of drops used should be the 
minimum amount to coat the entire surface of the substrate, which is approximately 200 
μL. A small excess volume of precursor solution will be removed during spin coating, 
and should not significantly affect the final layer thickness. Immediately after expelling 
precursor solution onto the substrate, the lid of the spin coater is closed and the spin 
program is run. The recommended program for a continuous coating of approximately 20 
nm of TiOx is to use a two-step sequence. The first step will ramp from 0 to 2000 rpm at 
an acceleration of 500 rpm/s for 4 seconds. The second step will maintain the 2000 rpm 
speed for an additional 40 seconds, after which the program will terminate. 
 After the spin coating, the substrate is removed from the vacuum chuck and 
allowed to age in normal atmosphere for 1 hour. This allows water permeation into the 
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film to begin the hydrolysis reaction that will convert the TTIP into TiOx. After an hour 
has passed, the substrate is then annealed in normal atmosphere at 150 °C for ten minutes 
in order to complete the hydrolysis reaction. 
 As a side note, the normally clear ITO-coated glass substrate appears to reflect 
light in a yellow coloration before application of the TiOx film. After deposition, the 
surface of the substrate appears clear and should reflect a purple color. If the sample 
appears milky or cloudy, then the substrate should be discarded. If this happens often, it 
is possible that too much solution is being applied to the substrate, the solution precursor 
was exposed to humid conditions for too long, or the pre-cleaning steps for the substrate 
were not preformed properly. 
2.2  Photoactive Layer Deposition 
 The semiconducting polymer used in this work is P3HT, which can be obtained 
from a number of sources. Sigma-Aldrich carries P3HT of unspecified regioregularity 
(RR), which is a measure of head-to-tail monomer alignment. Higher RR polymers form 
more crystalline polymer films upon deposition. The form of the Sigma P3HT is small 
(2-3 mm), dense wires. Merck also sells P3HT in various RR content under the EMD 
Lisicon brand, which is sold in a loose powder form. For this work, the 96% and the 98% 
RR were purchased. For deposition techniques which require the solution to flow through 
nozzles (i.e. inkjet printing), the higher RR polymer tends to clog the nozzle. For spin 
coating, there is no such limitation. The higher RR polymer is the most appropriate to use 
since high crystallinity is favorable to charge transport. 
 The solution for depositing the cell's photoactive layer is typically comprised of a 
2.4 - 3.6 wt% solution of P3HT and PCBM (combined mass) in equal proportions. For a 
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batch consisting of eight 1" square substrates, it is recommended to make approximately 
3 ml of solution. For a 2.4 wt% solution, combine 42 mg of P3HT (Merck Lisicon 
SP001) and 42 mg of PCBM (American Dye Source ADS61BFB) in a small vial. Add 
3.42 g of chlorobenzene (Aldrich, 99.8%). The solution is brought to approximately 90 
°C for 15 s to aid in the dissolution of the solid chemicals. A small stir bar is placed in the 
vial and the solution is stirred overnight at moderate speed (approximately 12-18 hrs). 
Immediately prior to use, the vial containing solution is placed in a small beaker and 
sonicated for 10 min at room temperature.  
 The step-by-step spin coating program used for active layer deposition is as 
follows: Step 1 ramps the chuck spin speed up from stationary to desired spin speed 
(recommend 1000 rpm) at 500 rpm/s. Step 2 holds the chuck speed at desired speed for 
50 s. Step 3 ramps down from current speed to stationary at 500 rpm/s.  
 Recently prepared TiOx or ZnO panels are placed onto the vacuum chuck inside 
the spin coater. The exhaust of the spin coater is connected to a pump which vents to a 
fume hood to mitigate the chlorobenzene vapors. For easy clean-up, a sheet of aluminum 
foil can be wrapped around the basin of the spin coater before the deposition. 
Approximately 2 ml of solution are drawn into a plastic syringe and a .45 μm PVDF 
syringe filter is fitted into the luer-lock tip. Quickly, the solution is dispensed dropwise 
onto the substrate, using enough solution to fully cover the surface. The spin coater lid is 
closed and the program is initiated. Once the program has finished, the vacuum is 
released and the panel is quickly removed from the spin coater.  
 A small amount of chlorobenzene is used to remove a thin strip of active layer 
along the bottom edge of the cell for ITO contact. A suggested method for this is to pour 
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chlorobenzene into a wide beaker until the liquid level is approximately 2-3 mm. Holding 
the panel vertically by the edges, immerse the panel in the chlorobenzene until it touches 
the bottom of the beaker. Immediately remove from the solvent and dab dry with a non-
abrasive paper towel. Afterwards, the panels are thermally annealed at 150 °C for 5 
minutes under normal atmosphere.  
2.3  Deposition of Hole Transport Layer 
 The hole transport layer (HTL) is typically 5 – 20 nm thick, and can be deposited 
using a variety of methods. Solution synthesis is quite often used to deposit organic 
layers, either through spin coating, dip coating, or doctor blading techniques. Inorganic 
metal oxide layers are also common materials used in forming the HTL, and can be 
deposited through sol-gel techniques or through vacuum evaporation. The HTL is 
necessary for high-performance polymer solar cells. The purpose of this layer is to 
prevent reverse current by building an energy barrier between the anode and the active 
layer. The valence band of the inorganic HTL (or HOMO, in the case of an organic layer) 
should be aligned with the HOMO of the organic donor within the photoactive layer. In 
the context of a P3HT:PCBM active layer, the ground state energy band of the HTL 
should be in the range of -5.0 through -5.2 eV. The LUMO or conduction band of the 
HTL must be higher in energy than the LUMO of the donor layer, or approximately less 
than -3.4 eV. The band diagram in figure X shows the energy alignment of the HTL with 
the photoactive layer and the anode.  
 2.3.1 Application of PEDOT:PSS by Spin Coating 
 Poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) or 
PEDOT:PSS is a conductive polymer blend which is commonly used as a hole transport 
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medium in organic photovoltaics. For application of a thin film of PEDOT:PSS, the 
deposition can be performed using such methods as doctor blade or spin coating.  
  The PEDOT:PSS layer is deposited by spin coating in the following manner. 
Approximately 1 ml of PEDOT:PSS suspension in water (Clevios P VP AI 4083) is 
mixed with 2 ml of methanol (Sigma Aldrich, >99%). The purpose of this mixing is to 
lower the surface energy between the carrying liquid of the PEDOT:PSS and the organic 
photoactive layer. This is evidenced by observing the difference in contact angles 
between the organic surface and the drops of pure water suspension versus the 
water/methanol mixture. The larger contact angle of the water drops prevents much of the 
PEDOT:PSS from adhering to the organic surface whereas the methanol mixture allows 
for better adhesion.  
 After mixing the PEDOT:PSS suspension with methanol, the substrate is loaded 
onto the vacuum chuck of the spin coater. The PEDOT:PSS mixture is drawn into a 
plastic syringe with a 20-gauge needle affixed to the tip. Dropwise, the solution is 
deposited onto the substrate until a continuous coating is formed over the surface. The 
spin coater lid is then closed and a spin speed program is initiated. 
 The program for the deposition of PEDOT:PSS is input as follows. Step 1 is a 
ramp from stationary to 2000 rpm at 500 rpm/s acceleration. Step 2 holds the speed at 
2000 rpm for 2 minutes. Step 3 is a ramp back down to zero velocity. 
 After the dry substrate is removed from the spin coater, it is immediately annealed 
at 90 °C for 20 min to drive off any residual water vapor from the PEDOT:PSS layer. In 
conventional organic photovoltaic cell processing, this step is typically performed inside 
an inert environment. The hygroscopic PEDOT:PSS readily absorbs water vapor from the 
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atmosphere, which quickly degrades cell performance. However, it is cheaper and more 
convenient to circumvent processing steps that require inert environments, so this 
annealing step was performed under normal atmosphere. Immediately upon cooling, top 
electrodes are applied, sealing the active area of the cell from the environment. Although 
water permeation will continue laterally through the HTL film, this is expected to happen 
on a long enough time scale that accurate cell measurements can be taken. 
 The deposition of PEDOT:PSS in this manner ultimately proved to be difficult. 
Despite the methanol addition to the water suspension, the surface energy remained too 
large for adhesion of the solid. The drops of liquid are flung from the rotating substrate in 
the spin coater before any evaporation takes place. Due to this, obtaining a uniform, 
smooth PEDOT:PSS layer reproducibly was too difficult to continue pursuing.  
 2.3.2 Thermal Evaporation of MoO3 
 Molybdenum oxide (MoO3) is a material that is currently being studied as a hole 
transport medium. MoO3 is a good candidate for a mass-produced solar cell for a number 
of reasons. First, the band energies of MoO3 align well with the molecular orbitals of 
P3HT, with the HOMO of P3HT at -5 eV and the valence band of MoO3 around -5 
through -5.2 eV. The conduction band of MoO3 is around -2.3 eV, which is significantly 
higher than the LUMO of P3HT and thus is able to prevent the reverse flow of excited 
electrons.  
 The deposition of MoO3 is normally performed by vacuum deposition. For 
inorganic substrate, sputter coating is able to quickly produce a dense layer. Organic 
substrate, however, requires a less energetic means of deposition. Thus, thermal 
evaporation is the preferred means of deposition. Shadow masks are applied to the 
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substrate over the area that was previously wiped clean of photoactive layer in order to 
preserve the front electrode. Cells are loaded into the evaporation dish and suspended 
face-down inside the vacuum jar. A molybdenum boat is fixed between the electrodes of 
the evaporator and approximately 0.2 g of MoO3 powder (Sigma Aldrich, >99.9%) is 
placed into the boat's dish. The vacuum chamber is sealed and pumped down to 
approximately 45 mTorr. For the purpose of monitoring the deposition rate and total 
amount deposited, the density of the MoO3 is input into the evaporation program as 4.69 
g/cm3. After energizing the electrodes of the evaporator, the current is increased until 
evaporation begins, which is around 65 A. The deposition rate should be kept below 3 
Å/s during the process. After the desired thickness of 20 nm is reached, the current to the 
electrodes and the pump are shut off and the cells are removed from the evaporator.  
2.4 Thermal Evaporation of Counter Electrode 
 The top electrode for an inverted cell is typically a high work function metal, such 
as silver or gold. The work function of this electrode should be higher in energy than the 
conduction band or HOMO of the HTL. The work function of silver is around 4.3 eV, 
which provides a good alignment with MoO3. These electrodes can be deposited through 
many routes. Screen printing is used in many instances to apply silver electrodes to 
commercially-produced OPV cells as a low-cost liquid process which is easy to scale up. 
For laboratory research, thermal evaporation is used to ensure reproducible deposition so 
that other parts of the cell may be more thoroughly investigated. A shadow mask made 
from aluminum foil is applied to the cells in such a manner that the exposed front 
electrode and four rectangular patches are uncovered. An example of this can be seen in 
figure V below.  
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Figure V. Shadow mask structure for thermal evaporation of metal top electrode. The 
grey area is covered by the mask, which can be wrapped around the substrate for 
stability. 
  
The deposition is performed in the same manner as in the case of MoO3, however 
a tungsten boat is used in place of the molybdenum boat. As with MoO3, the material 
density must be input in order for the quartz crystal monitor to correctly determine 
deposition rate and total film thickness, which is 10.5 g/cm3. A total thickness of 
approximately 70 nm is desired for this electrode, at a deposition rate of less than 3 Å/s. 
The deposition of the top electrode forms a complete cell, ready to be tested. 
2.5 Contacting Scheme and Conditions for Current-Voltage Measurement 
 Measuring the I-V characteristics of a cell is performed by subjecting the active 
area of the cell to standardized light conditions, applying a bias voltage to the cell, and 
measuring the resultant current. In the particular case of inverted OPV cells, the cathode 
(ITO layer) is transparent while the anode (silver or gold) does not transmit much light. 
This means that the cells must be illuminated from the bottom, through the glass 
substrate. The following is a description of the testing procedure used to make contact 
with cell electrodes and record I-V characteristics. 
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 A potentiostat (Gamry Instruments Reference 600) is used to apply a bias voltage 
to the cell and also to measure the current which is produced. A lamp with AM 1.5 filter 
emits a spectral power density similar to direct sunlight at the surface of the earth. The 
light from the source is directed through a monochromator (Oriel Cornerstone 130 1/8m) 
capable of transmitting all light or selecting a particular wavelength. A diaphragm in the 
optical pathway can be widened or tightened to raise or lower the outlet light intensity. A 
45 degree mirror affixed with an opaque plate is mounted on the outlet of the 
monochromator such that the plate is parallel to the ground, facing upward. This forms a 
stage for placement of the sample. A small, square hole (0.25 cm2)  is cut out of the plate 
to allow light to reach the sample. The diaphragm is adjusted until the outlet power 
density is 100 mW/cm2 using a Ophir spectral power meter (p/n 1201502). 
 The active area of a cell is defined by the area which results from the overlap of 
the silver anode and the ITO cathode and is also illuminated by the light of the testing 
station. If the electrode overlap area is larger than the illuminated area, then the 0.25 cm2 
stage aperture area is used. If the overlap area is smaller, then this area must be measured 
by a micrometer.  
 The cell is placed on the stage (glass side down) such that the active area is 
illuminated. The photo-generated carriers within the TiOx ETL initially fill trap states 
caused by defects in this amorphous layer [6]. This causes a small initial photocurrent 
which builds over time. A steady-state photocurrent is achieved after illumination for 
approximately 10 minutes. Thus, it is standard procedure to illuminate the cell for ten 
minutes at a light intensity of 100 mW/cm2 before performing any I-V measurement. 
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Figure VI below is an example transient photocurrent measurement of an inverted OPV 
which demonstrates how the current develops over time. 
 
Figure VI. Sample plot of transient photocurrent taken from a cell at short circuit. Current 
reaches its maximum value at approximately 300 seconds. 
 
 To perform an I-V measurement, the contacting probes must first be directed to 
the electrodes of the cell. A good method for contacting is to use an overhead positioning 
apparatus which is loaded onto low force-constant springs. Leads from the potentiostat 
are clipped onto probes which can be positioned over and lowered onto the substrate. The 
probes should be lowered until they just touch the electrode to avoid badly scratching the 
surface. The soft springs will aid in minimizing cell damage from contacting. 
 Once light-soaked and contacted, data may be taken. The Gamry Instrument 
Framework software is used to interface with the potentiostat. By choosing to perform a 
"Linear Sweep Voltammetry" test located in the "Physical Electrochemistry" sub-menu, 
the testing conditions can be established. Typically, the voltage is swept from -0.1 
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through 0.8 V in increments of 10 mV. A delay time of 1 second is appropriate for each 
data point, as electrical equilibrium should be established at each new bias voltage before 
a measurement is taken. Once all parameters are input, the test can be run. After the test 
is completed under illumination, the shutter of the monochromator can be closed in order 
to establish cell performance under dark conditions. An example I-V curve for an 
inverted OPV is shown in figure VII below. 
 
Figure VII. Sample I-V characteristics of a typical inverted OPV cell. 
 
 It should be noted in the above figure that the current is negative in the region of 
interest (opposite of conventional photovoltaic devices) due to the inverted structure. 
Another point of interest is that the current in the light crosses over the dark current at 
higher voltages. This has implications for mathematical modeling purposes, as the 
commonly-applied superposition principle may not hold true at voltages close to open 
circuit. 
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2.6 Determining Light Harvesting Efficiency and Internal Quantum Efficiency 
 A good way to deconvolute the effects of light absorption and internal charge 
transfer processes on cell performance is to determine its quantum efficiencies. External 
quantum efficiency (EQE) is a measure of how well the cell produces current from 
incident light. Light harvesting efficiency (LHE) is simply a measure of how well the cell 
absorbs incident light and can be readily determined. Internal quantum efficiency (IQE) 
is a lumping together of how efficiently the cell separates generated charges and 
transports them to the proper electrodes. It is difficult to measure this number directly, 
but by removing the effects of LHE from EQE, it can be determined. Plots of LHE and 
IQE are good diagnostic tools for understanding how a cell's EQE is limited and how it 
can possibly be improved. EQE is determined according to the following: 
𝐸𝑄𝐸 = 𝐼𝑄𝐸 ∗ 𝐿𝐻𝐸 
 EQE data is obtained in a similar manner to I-V measurements. A cell is photo-
doped for ten minutes at standard conditions before testing. After this time period, the 
grating on the monochromator is set to allow only monochromatic light of 20 nm 
bandwidth to pass through. For this, a program was constructed in LabVIEW to interface 
with the monochromator. The program was set up to run a scan through wavelengths 
from 400 to 800 nm in 20 nm increments, residing at each wavelength for 10 seconds. In 
the Gamry Framework, again under the "Physical Electrochemistry" sub-menu, the 
"Chronoamperometry" test must be used. The test should be run for approximately three 
minutes at zero applied bias voltage. Starting with a 400 nm wavelength incident on the 
cell, the chronoamperometry test is initiated. A few seconds afterward, the LabVIEW 
wavelength scan program is initiated. As the wavelengths are cycled through, the current 
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at each wavelength is recorded. After the cell current is measured, the test is run again, 
this time using the power meter in place of the solar cell. The power measured at each 
wavelength should be recorded. From this data, the EQE at each wavelength is 
determined. 
 LHE is measured by use of UV-vis transmission spectrometry. Due to the 
substantial reflectivity of the cell, the reflectance spectrum should be subtracted from the 
transmission spectrum. This is accomplished by passing a beam of light through a narrow 
gap between two flat plates in which the sample is held. The transmitted light is passed 
through a fiberoptic cable and analyzed by a collection device. The data collection utility 
used for these tests is the Ocean Optics USB4000. The same light source used in I-V 
characterization is also used for this test, with the exception that the light is now passed 
through a 1.5 OD filter to reduce its intensity. Depending on the intensity of the signal, 
the data averaging time can be reduced or increased. An integration time of 50 ms is a 
good starting point. Data taken should be averaged over many scans (about 100 scans is 
appropriate). A dark reference spectrum is created by placing an ITO-glass substrate in 
the sample port with the monochromator shutter closed. Using the same substrate with 
the shutter now open, a light reference spectrum is taken. The glass/ITO substrate is 
removed and a third transmission spectrum is taken without any substrate. For LHE 
determination, the completed cell is placed in the port such that the all of the light passes 
through the active layer of the cell and not the metal electrode. A transmission spectrum 
is then taken. By subtracting the ITO substrate from the substrate-free spectrum, the 
reflectance of the cell is found. Subtracting the transmission and reflection spectra from 
unity, the absorption spectrum for the sample is found. 
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 Due to the intimate mixing of the bulk heterojunction structure and the short 
length scales for charge transport, the IQE for OPV cells is commonly very large. 
However, the active layer thickness must be very thin to achieve this, which limits the 
LHE of these cells as well as the overall efficiency. 
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CHAPTER 3.  PHOTOACTIVE LAYER OPTIMIZATION STUDIES 
 
3.1 Optimizing Thickness of the Photoactive Layer 
 The thickness of the photoactive layer is a key parameter in determining the cell 
performance. A trade-off exists between light harvesting efficiency and internal quantum 
efficiency for these cells. Thicker active layers will absorb more incident light and thus 
increase the LHE, but at the expense of a lower IQE. Thinner active layers will allow for 
faster charge separation and transport, but at the expense of fewer absorbed photons. 
Thus, an optimization study was performed in order to determine the P3HT:PCBM layer 
thickness which yields the best photocurrent. 
 Cells were constructed with a TiOx ETL and MoO3 HTL. Photoactive layer 
thickness was altered by varying the speed of the spin coater during deposition. A 3.6 
wt% solution of 1:1 P3HT:PCBM (98% RR) was applied at spin speeds ranging from 300 
- 2000 rpm. Faster spin speed results in thinner films, however precise measurements of 
film thickness could not be determined. The active layer was thermally annealed at 150 
°C for five minutes and silver electrodes were evaporated to complete the cells. Cells 
were allowed to soak in AM1.5 (1000 W/m2) light for ten minutes prior to determining I-
V characteristics. Light soaking increases photocurrent and the cell's fill factor until 
reaching a steady value at around ten minutes of continuous exposure. This pre-testing 
illumination step is the standard method of testing cells which is referenced throughout 
the remainder of this work. 
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Figure VIII. I-V characteristics for cells of varying photoactive layer thickness. 
 
Table I. Calculated cell parameters of various active layer thickness. 
 
 
 Figure VIII and Table I show that the best efficiency was derived from the cells 
which were spin coated at 1000 rpm. The layer thickness that results from this speed 
provides an optimal balance between strong light absorption and efficient charge 
collection. The efficiency is strongly dependent upon the generated photocurrent, which 
in turn depends on the quantum efficiencies of the cell. By varying the thickness of the 
photoactive layer, there is an opportunity to dissect the photocurrent produced by each 
2000 rpm 1000 rpm 500 rpm 300 rpm
Jsc (mA/cm2) 7.28 11.68 8.60 7.77
Voc (V) 0.54 0.54 0.54 0.55
Fill Factor 49.93% 53.34% 51.09% 41.14%
Efficiency 1.97% 3.34% 2.38% 1.74%
Active Layer Thickness
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layer into contributions from light harvesting and internal charge transfer. Thus, IPCE 
and LHE measurements were taken for cells of each thickness.  
 
Figure IX. Quantum efficiencies for cells with photoactive layer deposited at 2000 rpm 
(a), 1000 rpm (b), 500 rpm (c), and 300 rpm (d). Highest IPCE is obtained at 1000 rpm, 
corresponding to an optimal trade-off between LHE and IQE. LHE was corrected for 
front surface reflection but not back surface reflection. 
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Figure X. Quantum Efficiency Trends at 500 nm Illumination. 
 
 Figures IX and X show that the LHE of the cells increase as the active layer 
thickness increases. The IQE decreases as the active layer thickness increases. This is 
expected since thicker active layers present longer pathways for charges to travel in order 
to be collected, causing a larger recombination rate inside the active layer. It is expected 
that the highest photocurrent would be produced by a cell which optimizes the balance 
between light harvesting and internal quantum efficiency. This optimal point is seen in 
the cells which were deposited from 3.6 wt% solution at 1000 rpm. The remainder of the 
cells in this work were constructed by spin coating a 2.4 wt% solution of 1:1 
P3HT:PCBM at 500 rpm. This is the standard active layer deposition procedure as 
referenced throughout the rest of this work. 
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3.2 Determining Optimal Annealing Conditions in the Photoactive Layer 
 Once the photoactive layer is deposited, it is important to perform an annealing 
step in order to allow domain sizes within the organic blend to grow and link together. As 
deposited, the P3HT and PCBM domains are very intimately mixed. This results in a 
large surface area for charge separation, but conduction pathways that are too small for 
efficient charge transport. By annealing, the domains are allowed to grow larger while 
reducing the interfacial area. Annealing too much will result in poor charge collection 
due to a lack of interface between the two domains. Therefore an optimization 
opportunity exists in which appropriate annealing conditions can be found. 
 3.2.1 Thermal Annealing 
 Thermal annealing is the most common annealing method. Heat is supplied to the 
substrate to allow the molecules in the active region to relax into lower energy states. For 
this study, cells were constructed with a TiOx ETL, standard photoactive layer (98% RR), 
MoO3 as a HTL, and silver electrode. Prior to MoO3 or silver deposition, cells were 
annealed at 150 °C for various amounts of time. Cells were tested using the standard 
method.  
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Figure XI. I-V response to various annealing times at 150 °C showing that the optimal 
annealing time is approximately 5 minutes. 
 
 Figure XI shows that thermal annealing causes a sharp increase in performance of 
the cells. At 150 °C, the appropriate time for annealing is approximately five minutes, 
although the peak of cell efficiency over annealing time is quite broad. The collected 
photocurrent is not very sensitive to small changes in the annealing time, as evidenced by 
the similarity that the five and ten minute cells exhibit. As a limiting case, some cells 
were annealed for two hours. A clear decline in performance occurs from the ten minute 
cell to the two hour cell. It is worth noting that a cell which has been annealed for two 
hours (well past its optimum) collects substantially more current than a cell which has 
undergone no annealing. Characteristic parameters for each type of cell can be found in 
Table II. 
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Table II. Calculated cell parameters of various annealing times. 
 
 
 Cells which were annealed at 150 °C for five minutes demonstrate the best 
performance overall. Thus, these are the standard annealing conditions referenced in the 
remainder of this work. Cells were also annealed after deposition of the MoO3 and Ag 
electrode under the same conditions as in the pre-evaporation anneal study. The 
performance was not found to be strongly dependent on the order of annealing. The cells 
which underwent post-evaporation annealing exhibited slightly higher Voc and slightly 
lower Jsc compared to the cells under pre-evaporation annealing, but these parameters 
varied by less than 5%. 
 3.2.2 Solvent Annealing 
 A solvent anneal is a method of allowing the molecules in a film to relax by 
introducing a solvating agent. This allows for greater molecular motion than in a dry film, 
which in turn allows molecules to sample more states and find an energy minimum 
through greater phase segregation. In the case of spin coating, a solvent anneal can be 
performed simply by restricting the evaporation rate of the solvent in the film. The 
P3HT:PCBM film is expected to be fully dry after 50 seconds of spinning at 500 rpm in 
the spin coater. In this study, TiOx cells were removed after active layer spin coating for 
20 and 40 seconds, then placed into a small container for 20 minutes to slow the 
evaporation of the remaining solvent. 96% RR P3HT was used to form the standard 
photoactive layer. MoO3 and silver electrodes were applied and the cells were then tested 
after ten minutes of light-soaking.  
Control 5 min. anneal 10 min. anneal 2 hr. anneal
Jsc (mA/cm2) 1.51 5.33 5.25 2.39
Voc (V) 0.61 0.53 0.53 0.55
Fill Factor 30.4% 53.4% 50.4% 45.3%
Efficiency 0.28% 1.51% 1.40% 0.60%
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Figure XII. I-V characteristics for solvent-annealed cells which show that 20 s spin time 
followed by solvent anneal produces behavior similar to optimized thermal annealing. 
 
 The solvent anneal step induced higher photocurrents when compared to cells 
without any annealing step. Due to the fast evaporation rate of the chlorobenzene solvent, 
the effective window for removal of the substrate during spin coating is small. Figure XII 
shows that a 20 second spin time and subsequent solvent anneal produces an effect in the 
cell similar to optimized thermal annealing. After 40 seconds of spinning, the substrate is 
already dry. Thus, the cells which were solvent annealed after 40 seconds of spin time 
perform similar to cells which had no annealing treatment. These results are summarized 
in Table III.  
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Table III. Calculated cell parameters for solvent annealing study. 
 
 
 Although the solvent anneal step demonstrates a large increase in collected 
photocurrent over the control cell which used no annealing step, the thermal anneal 
procedure remains the most beneficial to cell performance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No Anneal Thermal Anneal 20 s Spin 40 s Spin
Jsc (mA/cm2) 3.90 9.03 7.86 4.67
Voc (V) 0.56 0.55 0.54 0.59
Fill Factor 35.8% 48.0% 46.3% 37.1%
Efficiency 0.78% 2.39% 1.97% 1.02%
Control Groups Solvent Anneal
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CHAPTER 4. BALANCE OF CELL PARAMETER STUDIES 
 
4.1. Comparison of ZnO and TiOx as Electron Transport Layers 
 Experiments were performed which compared the effects of using of ZnO versus 
TiOx as an electron transport layer. The objective of this study was to compare the 
photocurrent, open circuit voltage, fill factor, and efficiency of cells produced using each 
type of ETL. Also, the air and light stability of each type of cell was observed to 
determine if a stability difference exists due to the ETL.  
 Cells were contructed using both ZnO and TiOx as the ETL. Sigma-Aldrich P3HT 
was used for this study. The photoactive layer was deposited and annealed according to 
the standard procedures. No hole transport layer was deposited for this study. Gold 
electrodes were thermally evaporated directly on the photoactive layer. Thus, it is 
important to note that the results of this test are not optimized for best overall 
performance, only to show the difference in performance of the ETL. I-V curves for cells 
were taken immediately upon light exposure and again after ten minutes of continuous 
light exposure following standard testing procedure. Figure XII shows typical results 
from this study. 
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Figure XIII. TiOx and ZnO cell I-V measurements after 10 minutes of light exposure. 
 
 As shown in Figure XIII, the TiOx demonstrates slightly better performance than 
the ZnO during longer light exposure. The cells utilizing ZnO tend to exhibit a decay in 
performance with light exposure, while the TiOx cells build photocurrent and fill factor 
over light exposure. Table IV shows the important calculated cell parameters from this 
study.  
Table IV. Calculated cell parameters of ZnO and TiOx cells. 
 
 
   
1 minute light exposure 10 minute light exposure
Jsc (mA/cm2) 4.52 3.17
Voc (V) 0.49 0.44
Fill Factor 29.6% 32.9%
Efficiency 0.66% 0.46%
Jsc (mA/cm2) 0.61 3.40
Voc (V) 0.19 0.48
Fill Factor 29.8% 34.2%
Efficiency 0.03% 0.55%
ZnO
TiOx
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Figure XIV. ZnO cells transient I-V characteristics under continuous white light 
illumination showing degradation with exposure (a), and TiOx cells showing improved 
behavior under similar light exposure (b). 
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 I-V curves for each cell type were taken at various time intervals during light 
exposure in order to determine if a stable point could be reached. After a period of 
approximately 30 minutes of light exposure, the ZnO cells approach a steady state in 
terms of I-V performance. In this time period, the photocurrent decays by nearly 30% of 
the original value. The ZnO cells are plagued by high series resistance, as evidenced by 
the extremely shallow slope of the I-V curve at open circuit. This causes a consistently 
lower fill factor in ZnO cells than in TiOx cells.  
 The TiOx cells show an opposite trend from the ZnO cells. Through light 
exposure, the photocurrent quickly builds. It is postulated that this happens due to freed 
electrons in the amorphous TiOx initially filling trap states in the material [6]. This 
manifests itself as a low observed initial current. As more electrons are photo-generated, 
the trap states become filled, and the conductivity of the TiOx increases. This has the 
twofold effect of increasing photocurrent and decreasing the series resistance of the cell. 
Figure XIV (b) shows that TiOx cell performance approaches a steady state after 
approximately ten minutes of light exposure. 
 Due to the observed difference in behavior of the ZnO and TiOx, the TiOx was 
chosen to be used in pursuit of more efficient OPV cells. The gains in photocurrent and 
fill factor during initial light exposure and stability over long term exposure make this a 
good material for further cell investigation. 
4.2 Comparison of PEDOT:PSS and MoO3 as Hole Transport Layers 
 Two different materials, PEDOT:PSS and MoO3, were studied for use as hole 
transport media in an OPV cell. It has been reported that these materials, when deposited 
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between the photoactive layer and anode, can significantly improve the harvested 
photocurrent of the cell.  
 Due to the difficulty of depositing the PEDOT:PSS on top of the hydrophobic 
photoactive layer, few tests were successfully completed. For this study, cells were 
constructed using TiOx and standard photoactive layer deposition and thermal annealing 
(Merck 96% RR P3HT was used). The HTL was then spin coated onto the cell. After a 
PEDOT:PSS deposition was attempted, the resultant layer was visually inspected for 
defects and non-uniformities. The cells which showed no obvious flaws were 
subsequently annealed and sealed by electrode evaporation. Cells were tested according 
to standard procedure. 
 
Figure XV. Typical I-V characteristics of cells with and without PEDOT:PSS layer. 
 
 Figure XV shows the performance of cells constructed using PEDOT:PSS relative 
to cells which use no HTL. The benefits of depositing this kind of electron-blocking 
47 
 
medium are obvious, as the photocurrent and open circuit voltage of the HTL cells are 
strongly improved over the base cell. Although the benefits of this layer are clear, the 
results are difficult to reproduce due to the poor adhesion of PEDOT:PSS to the 
photoactive layer. 
 Due to the difficulty of using the solution-based PEDOT:PSS for the HTL, MoO3 
was studied as an alternative material. The benefit of using an inorganic layer is that 
deposition can be performed through evaporation, yielding a uniform layer of tightly-
controlled thickness. The cells in this study were constructed with TiOx and standard 
photoactive layer (Merck, 96% RR P3HT), then MoO3 was deposited along with silver 
electrodes to complete the cell. MoO3 layer thicknesses of 5 nm and 20 nm were studied 
and compared to a cell with no HTL. Each cell was tested according to standard 
procedure. 
 
Figure XVI. Typical I-V characteristics of cells with and without a MoO3 layer. 
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 Figure XVI shows that the deposition of the MoO3 thin film aids in the collection 
of current. The 5 nm layer showed reasonable improvements over the control cell, but the 
largest gains in performance were achieved by a 20 nm thick MoO3 layer.  
Table V. Calculated cell parameters of PEDOT:PSS and MoO3 cells. 
 
 
 This study indicates that MoO3 is the better of the two HTL materials in terms of 
efficiency improvements. A MoO3 layer thickness of approximately 20 nm shows 
superior collection of photocurrent over the 5 nm thick layer. It is believed that the 
thermal evaporation has the effect of covering any current-leaking pinholes which may be 
present in the photoactive layer. A 20 nm thick layer of MoO3 is sufficient to fully fill 
most of the pinholes and thus prevent cell shorting. Due to the position of the energy 
bands between MoO3 and P3HT, the holes are able to flow into the HTL, but the 
electrons from the PCBM cannot. 
4.3 Standard OPV Cell Construction 
 From the results of the previous studies, a standard cell was defined by adopting 
all of the parameters which yielded the best results. A standard, optimized OPV cell was 
thus defined by the following: 
• Use of TiOx as ETL 
• Deposition of photoactive layer at 500 rpm using 2.4 wt% solution of 1:1 
P3HT:PCBM 
• Merck 98% RR P3HT is used 
Control PEDOT:PSS Control 5 nm MoO3 20 nm MoO3
Jsc (mA/cm2) 3.40 4.14 2.66 6.00 7.73
Voc (V) 0.47 0.61 0.28 0.55 0.57
Fill Factor 34.6% 44.2% 28.2% 42.1% 47.6%
Efficiency 0.55% 1.12% 0.21% 1.39% 2.08%
PEDOT:PSS Study MoO3 Study
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• Thermal annealing of photoactive layer at 150 °C for five minutes 
• Use of 20 nm of MoO3 as HTL 
• Use of silver electrode 
 
Figure XVII. Standard optimized cell I-V curves under standard testing conditions. 
 
 Figure XVII is an I-V curve representative of the standardized and optimized 
OPV cell under standard testing conditions. The parameters of this cell are given in Table 
III. Although this is the standard cell for a majority of the work presented here, it was 
found during the active layer thickness test that spin coating a 3.6 wt% P3HT:PCBM 
solution (Merck, 98% RR P3HT) at 1000 rpm produced better results than the 2.4 wt% 
solution at 500 rpm. In addition, the deposition at 1000 rpm produced a more uniform 
and defect-free active layer than at 500 rpm. Thus, for future work, it is recommended to 
use the 3.6 wt% solution and to deposit at 1000 rpm spin speed. 
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4.4 Air Stability of Fabricated OPV Cells 
 Traditional organic photovoltaics constructed in the conventional architecture are 
shown to quickly degrade under normal atmosphere. This degradation is mostly due to 
the use of hygroscopic PEDOT:PSS and a low-work function metal electrode which 
quickly oxidizes in air. The time scale for this degradation is a few minutes. The inverted 
structure of the OPV eliminates the use of PEDOT:PSS and replaces the low work 
function electrode with a more stable metal, such as silver or gold. These cells are 
expected to have much longer lifetimes under a normal atmosphere as a result.  
 Cells which were constructed and tested using the standard methods provided in 
this work were tested immediately upon fabrication, three days after, and two weeks 
after. The performances of these cells are plotted in figure XVIII. 
 
Figure XVIII. Air-stability study of fabricated OPV cells. 
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 Cells tend to perform slightly better after a period of a few days, harvesting higher 
currents and larger Voc values. The performance stabilizes after a few days and remains 
stable over a time period of a few weeks. Longer time periods were not studied in this 
work and would be a good topic for future work. 
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CHAPTER 5.  ADVANCED CHARACTERIZATION TECHNIQUES  
 
 In terms of characterizing the performance of the photovoltaic cells, different 
techniques can be used to study the charge transfer characteristics between various layers 
or the electrical response of the cell as a single unit. Impedance spectroscopy and 
transient absorption are two such techniques which can reveal much more about the cell 
than simple I-V measurements alone. Although the preliminary data acquired in this work 
by these methods is limited, future work can explore them in much more detail. 
5.1 Impedance Spectroscopy 
 Relatively little work has been performed in characterizing OPV cells through 
impedance spectroscopy (IS). IS is a method of measuring the current response of a 
system to a small amplitude ac signal. Periodic variations in an applied bias will cause 
periodic variations in the produced current of the cell, but usually not in the same phase. 
The phase lag is measured at different ac frequencies and plots are made of the real 
versus the imaginary components of the cell's impedance, which is called a Nyquist plot. 
The result is a semicircular plot centered on the real axis. Electrically, this is the result of 
a resistor in parallel with a capacitor of capacitance C. Physically, this is the result of the 
resistance of various layers in a cell being in parallel with some charge-building interface. 
An example of a Nyquist plot is shown in Figure XIX. 
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Figure XIX. Sample of a Nyquist plot of illuminated cell at open circuit showing 
imaginary and real components of impedance.  
 
 Figure XIX was obtained from a cell which was built and tested according to the 
standard procedures established in this work. In a Nyquist plot, the semicircle intersects 
the real axis at the limit of very high frequencies (denoting cell series resistance) and very 
low frequencies (denoting charge transfer resistance). For the cell in Figure XIX, the 
series resistance and charge transfer resistance are approximately 40 Ω and 150 Ω, 
respectively. The point which yields a maximum value for the imaginary component has 
the frequency ω = 1/RC. For this plot, the frequency of Z”max is approximately 8000 Hz. 
The cell then has a characteristic time constant of 125 µs. 
 Another plot style, called a Bode plot, can also be used in IS. The log of the total 
impedance, Z, is plotted against the log of the frequency, ω. This type of plot will usually 
show a breakpoint or "kneecap" frequency. The inverse of this frequency is the time 
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constant of the cell, and is equal to the product RC. At open circuit, the time constant 
refers to the characteristic lifetime of charges in the cell. An example Bode plot is shown 
in Figure XX.  
 
Figure XX. Sample of a Bode plot showing characteristic time constant information. The 
cell depicted is the same as in the previous figure, under the same conditions. 
 
Recently, IS has been used to a limited extent to study organic solar cells. A 
recent study on P3HT:PCBM cells using IS was published which investigated the charge 
carrier lifetimes in the bulk heterojunction [15]. Another paper was published in which 
the authors studied the apparent p-type doping effects of phase segregation that happens 
in the photoactive layer upon deposition. They used IS and measured capacitance to form 
a link between the open circuit voltage and the observed p-doping effect [16].  
 For additional reference material on EIS, a comprehensive review was published 
by Dr. Lasia of the University of Sherbrooke [17].  
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5.2 Transient Absorption 
 Transient absorption (TA) is a pump-probe technique with resolution on the scale 
of sub-picoseconds and range on the scale of nanoseconds. TA uses tunable pump and 
probe pulses from UV wavelengths to mid-IR. Through TA, the dynamics of P3HT hole-
polarons and excitons can be monitored. By focusing on specific bands of absorbance for 
holes and excitons of the P3HT, the rate of formation of holes from excitons can be 
observed by noting the amplitude of the absorbance peak corresponding to the 
wavelength of the probing pulse. Likewise, the electron populations in the PCBM can 
also be monitored to determine rates of formation and decay of free electrons in the 
photon absorber layer. 
 
Figure XXI. Sample TA data obtained from optimally-annealed layer of P3HT:PCBM 
and pristine P3HT by 500 rpm deposition of 2.4 wt% solution. 
 
 Preliminary data from a TA measurement is shown in Figure XXI. Data was taken 
from a photoactive layer which was deposited on TiOx/ITO/glass using the standard 
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techniques and annealing procedures as established in this work. Absorbance features 
decay much faster in pure P3HT than in the P3HT:PCBM blend. Longer characteristic 
lifetimes in the P3HT:PCBM indicates the existence of a long-lived charge-separated 
state that results from the interfacial dissociation of excitons.  
 It can be seen that IS and TA are powerful techniques for measuring the charge 
transfer and performance characteristics of the photovoltaic cell. Early measurements 
show promise for gaining future knowledge, and should be pursued in further studies. 
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CHAPTER 6.  CONCLUSIONS AND RECOMMENDATIONS 
 
 At the conclusion of this series of studies, the OPV cell has been optimized in 
terms of photoactive layer thickness, annealing conditions, and ETL/HTL materials. The 
champion cell produced from this work operates in the 3.1 – 3.3% power conversion 
efficiency range, which places these cells right in the median range for cell efficiencies in 
the global research community. Figure III in the Introduction is a histogram plot of the 
number of published papers versus the efficiency of the reported cells, and cells produced 
in this work rank reasonably highly on this scale [8]. Various methods of cell 
characterization have been explored in varying detail, and the results are quite similar to 
much of the published data. In order for the field of organic photovoltaics to move 
forward into domains of higher efficiency and marketability, the critical components of 
the cell must be better understood. In particular, the charge transfer and mobility 
characteristics of the bulk heterojunction must be studied in more detail.  
 To begin more advanced characterization, electrochemical impedance 
spectroscopy should be more fully utilized. It is important to note that, while EIS cannot 
completely describe a cell's morphology, it can be a good supplement to other 
investigative methods. Relaxation time constants and impedances obtained through EIS 
contain information about the physics inside the cell. Few authors have used EIS to study 
the particular cell architecture used throughout this current work. There is potential for 
some unique work to be done in this area. 
  There is much potential in the young field of organic photovoltaics. Different 
materials can be explored for the absorber layer of the cell, different characterization 
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techniques can be used to explore cell properties, and many methods of layer deposition 
are open for investigation. It is this last aspect of polymer photovoltaics that seems most 
promising in lowering the manufacturing cost of these devices. Due to the solution-based 
processing capabilities of the organic materials, the deposition can be done cheaply and 
efficiently. Further study on OPV cells may include experiments on better deposition 
techniques. Roll-to-roll and inkjet printing are promising, since the material usage is 
close to 100% and the process is easily scalable to very large areas, which is not the case 
for spin-coating used in most studies. 
 In summary, new materials, characterization techniques, and deposition methods 
are likely to yield the best progress for the burgeoning industry of organic photovoltaics. 
Further study may be conducted using the optimized cell construction methods 
determined throughout this work.  
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